This paper describes the analysis of a stable crawl gait multiobjective optimization system that combines bio-inspired Central Patterns Generators (CPGs) and a multi-objective evolutionary algorithm. In order to optimize the crawl gait, a multi-objective problem, an optimization system based on NSGA-II allows to find a set of non-dominated solutions that correspond to different motor solutions
INTRODUCTION
Legged robot locomotion is a complex problem that usually implies the control and coordination of multiple degrees of freedom. One possible bio-inspired solution is to apply nonlinear dynamical equations of high order with a multidimensional and irregular set of parameters, that model the biological nervous system.
The lack of knowledge about the dynamical behavior of the robot platform, the environment and the interaction among both; and the very large number of parameters makes the hand-tuning very hard to achieve and may not ensure the best results. So, biological inspired Evolutionary Computation (EC) appears as a possible choice for gait optimization of legged robots.
In [4] we have combined a proposed Central Pattern Generator (CPG) approach with a multi-objective optimization strategy, the elitist Nondominated Sorting Genetic Algorithm [2] (NSGA-II), that searches for the best set of CPG parameters that result in the desired crawl gait. Speed, stability and behavioral diversity were the evaluated criteria used to explore the parameter space of the network of CPGs.
In this work, we are particularly interested in studying the compromise solutions obtained to see if they reveal interesting features of the CPG parameters and in their relation to the addressed objectives. Thus, we proceed to a sensitivity analysis to assess the relationships between the parameters and the objectives and between the objectives themselves.
Results demonstrate the performance of the achieved robot walking.
OPTIMIZATION SYSTEM
The proposed network of CPGs generates trajectories for the robot hip pitch joints, and therefore to the robot limbs. The xi solutions of a modified Landau-Stuart oscillator, directly control each hip pitch joint of a limb, i, as followṡ
where ri =
, ωi specifies the oscillation frequency (in rad s −1 ) and µ value specifies the oscillation amplitude A, where µ = A 2 . This oscillator bifurcates from a stable fixed point at (xi, zi) = (Oi, 0) (when µ < 0) to a structurally stable, harmonic limit cycle, for µ > 0, with offset Oi. Despite phase relationships, left and right legs have similar trajectories. This enables to minimize the decision vector (x), see Table 1 .
Parameters are tuned according to the optimization system depicted in Figure 1 . We use an optimization algorithm framework based on NSGA-II to search for the optimal set of the CPG parameters.
We consider that the performance of a walking gait can be assessed in terms of the maximization of three objectives (f (x)), where x is a decision vector: the velocity (Vel), the wide stability margin (WSM) and the sensory motor behavioral diversity (BD) [3] . The constraints are handled according to method proposed by Deb [1] .
RESULTS
Simulations were carried out in an ers-7 AIBO dog robot in Webots, a simulation software based on ODE, an open source physics engine for simulating 3D rigid body dynamics.In all experiments, we consider a population size of 100 chromosomes and a maximum number of generations of 200. Each chromosome is evaluated during 12 seconds. In Figure 2 , the non-dominated solutions in terms of the objectives are presented. These graphs are 2D projections of the 3D objective space. We show the six extreme nondominated solutions (highest Vel A, lowest Vel B, highest WSM C, lowest WSM D, highest BD E, and lowest BD F), as well as the ones of the hand-tuned solution and a nondominated S solution which respects the midterm of all objectives.
The goal of the sensitivity analysis herein described is to study which and how the variation of the CPG parameters, influence the different objectives; to study the relationship between the different proposed objectives and to verify if any of the objectives is redundant and as such should be discarded.
The In order to verify the relationship between the objective functions, we calculate a Principal Component Analysis.
Note that component1 and component2 explain approximately 99.5% of the variance. This enables us to use biplots (Fig 2 d) ) in order to inspect the relations between objectives. The biplot shows that Vel and WSM have a negative correlation (in fact an angle of ≈ 180 o to both the other objectives) and BD is independent from the other objectives (angle ≈ 90 o to both the other objectives).
CONCLUSIONS AND FUTURE WORKS
In this article, we have addressed the sensitivity analysis of a previous locomotion optimization framework of a quadruped robot that walks with a slow walking gait. The proposed system combines a CPG based locomotion controller and NSGA-II.
The relationship between the objective functions analysis indicates that are no redundant objectives and that there is a strong negative correlation between the Vel and the WSM.
Currently, we are addressing the reality gap between the real and simulated robot problems.
